Staphylococcus aureus produces a variety of virulence factors that allow it to cause a wide range of infections in humans and animals. In the latter, S. aureus is a leading cause of intramammary infections. The contribution of catalase (KatA), an enzyme implicated in oxidative stress resistance, and beta-toxin (Hlb), a haemolysin, to the pathogenesis of S. aureus is poorly characterized. To investigate the role of these enzymes as potential virulence factors in S. aureus, we examined the intracellular survival of DkatA, Dhlb and DkatA Dhlb mutants in murine macrophages (J774A.1) and bovine mammary epithelial cells (MAC-T), and their virulence in different murine and ovine models. Catalase was not required for the survival of S. aureus within either J774A.1 or MAC-T cells. However, it was necessary for the intracellular proliferation of the bacterium after invasion of MAC-T cells. In addition, catalase was not needed for the full virulence of S. aureus in mice. Deletion of the hlb gene had no effect on the intracellular survival of S. aureus in J774A.1 cells but did cause a slight increase in survival in MAC-T cells. Furthermore, like catalase, beta-toxin was not required for complete virulence of S. aureus in murine models. Unexpectedly, the DkatA Dhlb mutant showed a notably increased persistence in both cell lines, and was significantly less virulent for mice than were the wild-type strain and single mutants. Most interestingly, it was also markedly attenuated in intramammary and subcutaneous infections in ewes and lambs.
INTRODUCTION
Staphylococcus aureus is a ubiquitous micro-organism that is responsible for a wide range of both acute and chronic infections in humans and animals. In animals, S. aureus is frequently associated with intramammary infections in lactating females, which cause substantial economic losses in dairy production (Sutra & Poutrel, 1994) . The ability of S. aureus to cause disease has been attributed to its ability to produce a variety of surface-expressed (protein A, fibrinogen-, fibronectin-and collagen-binding proteins) and secreted (haemolysins, enterotoxins, proteases, lipase and coagulases) virulence factors that allow it to colonize and multiply in tissues (Dinges et al., 2000; Kerro Dego et al., 2002) . Furthermore, although S. aureus is not traditionally considered to be an intracellular pathogen, numerous studies have clearly demonstrated that S. aureus can internalize and survive in a wide variety of mammalian cells (Bayles et al., 1998; Menzies & Kourteva, 1998; Wesson et al., 1998) , including phagocytic cells (Brouillette et al., 2003; Hébert et al., 2000) . Catalase (KatA) is an enzyme involved in oxidative stress resistance, and converts hydrogen peroxide generated during cellular metabolism to water and molecular oxygen. As a result, catalase has been proposed to be a potential virulence factor in many bacterial pathogens, because its activity might protect them from the reactive oxygen species (ROS) generated by eukaryotic cells. Thus, this enzyme has been demonstrated to be an essential factor for the intracellular survival of bacteria such as Mycobacterium tuberculosis (Manca et al., 1999) , Campylobacter jejuni (Day et al., 2000) and Helicobacter pylori (Basu et al., 2004) . In S. aureus, the role of catalase in virulence remains unclear; while some researchers have observed a correlation between virulence and catalase activity (Kanafani & Martin, 1985; Mandell, 1975) , others have not found any evidence of this (Cosgrove et al., 2007; Horsburgh et al., 2001) .
Beta-toxin (Hlb) is one of the haemolysins produced by S. aureus, and works as a sphingomyelinase C, degrading sphingomyelin in the outer layer of eukaryotic cell membranes. This toxin is also known for producing 'hot-cold' haemolysis on sheep blood agar plates. It is characterized by incomplete haemolysis at 37 uC, followed by complete haemolysis during incubation at 4 u C. It has been proposed that the cytolytic activity of beta-toxin results from induction of changes in the physical properties of the cell membrane, and induction of apoptosis by generation of ceramide, a potent secondary messenger that arises from sphingomyelin hydrolysis (Bayles et al., 1998; Hannun & Obeid, 1995) . A high percentage (75-97 %) of S. aureus strains isolated from bovine mastitis produce beta-toxin, whereas only 10-15 % of human isolates express this factor (Aarestrup et al., 1999; Larsen et al., 2002) . To date, the role of beta-toxin in S. aureus pathogenesis is little known. However, some studies have suggested that this toxin is important in intramammary infection. Purified toxin has been shown to cause moderate inflammatory changes in mouse and rabbit mammary glands (Calvinho et al., 1993; Ward et al., 1979) and to be cytotoxic for bovine mammary epithelial cells (Cifrian et al., 1996) . In addition, non-beta-toxin-producing mutants have been found to be less virulent than wild-type strains in a mouse model of intramammary infection (Bramley et al., 1989) but not in non-mammary models (Nilsson et al., 1999; O'Callaghan et al., 1997) .
The aim of this work was to investigate the role of catalase and beta-toxin as potential virulence factors in S. aureus. We constructed DkatA, Dhlb and DkatA Dhlb mutants and compared their ability to survive in macrophages and epithelial cells, as well as their virulence in different murine and ovine models, with those of the wild-type strain.
METHODS
Bacterial strains, plasmids and growth conditions. The strains and plasmids used in this study are listed in Table 1 . S. aureus strains were routinely grown at 37 uC in brain heart infusion (BHI) broth with shaking or on BHI agar plates. For protoplast regeneration, DM3 medium was used (Götz et al., 1981) . When appropriate, erythromycin (5 mg ml 21 ) was incorporated. Columbia agar with 5 % sheep blood was utilized in order to observe haemolytic activity. Escherichia coli strains were cultured in Luria-Bertani medium, with ampicillin (50 mg ml 21 ) and erythromycin (300 mg ml 21 ) added as required. The S. aureus strain 2386 was isolated from a cow with acute mastitis. This strain was chosen for our studies due to its potentially high intramammary pathogenicity, which was later confirmed in experimental infections in ewes. The 2386 strain belongs to spa type t543 and sequence type ST479.
DNA manipulations and transformation. Chromosomal DNA from S. aureus was extracted using a GFX Genomic Blood DNA Purification kit (Amersham Pharmacia Biotech) according to the manufacturer's protocol, except for a first lysis step with lysostaphin (50-100 mg ml 21 , Sigma) at 37 uC for 30 min. Plasmid DNA isolation was performed using a Plasmid Purification kit (Qiagen), adding preincubation with lysostaphin for S. aureus, as described above. Plasmids were transformed into S. aureus by protoplast transformation (Götz et al., 1981) . Transformation of E. coli was performed by standard procedures (Ausubel et al., 1992) . DNA fragments were isolated with the Qiaquick PCR Purification kit (Qiagen) and the Qiaquick Gel Extraction kit (Qiagen). Restriction enzymes were supplied by Amersham Pharmacia Biotech.
PCRs were carried out with AmpliTaq Gold polymerase (Applied Biosystems), as recommended by the manufacturer. Oligonucleotide primers used in this study (Table 1) were designed using the S. aureus COL genome sequence (TIGR Microbial Database) and purchased from Isogen Bioscence.
Construction of DkatA, Dhlb and DkatA Dhlb mutants. S. aureus strain 2386, a clinical isolate from bovine mastitis, was used for construction of the mutants. In order to make a DkatA mutant, oligonucleotide primer pairs KAT1/KATR1 and KATR2/KAT2 (Table 1) were used to PCR-amplify two 0.5 kb DNA fragments that flanked the 59 and 39 ends of katA, respectively, from chromosomal DNA of S. aureus 2386. Primers KATR1 and KATR2 carried complementary sequences (underlined in Table 1 ) that were used to fuse the two fragments by recombinant PCR (Vallejo et al., 1994) . The resulting chimeric PCR product was inserted into the pCR2.1 vector, excised using SpeI and XbaI, and cloned into the XbaI site of the pE194ts thermosensitive vector to generate pERkat (Table 1) . To construct a Dhlb mutant, two 1 kb DNA fragments that flanked the 59 and 39 ends of hlb were amplified using oligonucleotide primer pairs HLB1/HLBR1 and HLB2/HLBR2 (Table 1) , fused and cloned into pE194ts as described above, which yielded pERhlb (Table 1) . These recombinogenic plasmids were introduced into S. aureus 2386 by protoplast transformation (Götz et al., 1981) , and transformants were selected by incubation at 32 uC on DM3 agar plates that contained 5 mg erythromycin ml 21 .
For gene deletion, transformants were cultured in BHI broth with erythromycin (5 mg ml 21 ) at 32 uC overnight. Then, cultures were diluted into fresh medium and grown at 43 uC (non-permissive for plasmid replication) for 6 h to induce plasmid integration into the chromosome by homologous recombination. Double crossover and plasmid loss were achieved by regular subculturing at 37 uC in BHI broth without erythromycin and plating appropriate dilutions on BHI agar. The DkatA mutant was selected for bubble-negative phenotype by the hydrogen peroxide assay (Fig. 1 ). The Dhlb mutant was selected for lack of the outer halo of incomplete haemolysis on sheep blood agar ( Fig. 1 ). Both mutants were tested for sensitivity to erythromycin and, by PCR, for the presence of the deletion using oligonucleotide primer pairs KAT1/KAT2 and HLB1/HLB2.
To obtain the DkatA Dhlb double mutant, pERkat was introduced into the Dhlb mutant, using the same protocol as described above.
Complementation of the mutants. To complement the katA mutation, a 1.6 kb DNA fragment that contained the katA ORF was amplified using the oligonucleotide primer pairs CAT1/CAT2 ( Table 1 ). The amplification product was cloned into pCR2.1, excised by digestion with EcoRI, and then subcloned into the pHpS9 shuttle vector to generate pHkat (Table 1) . Likewise, to complement the hlb mutation, a 3 kb DNA fragment that contained the hlb ORF was amplified using the oligonucleotide primer pairs HLB1/HLB2 (Table 1) , and directly cloned into the SmaI site of pHpS9 to obtain pHhlb (Table 1) . Finally, to complement the double mutant, pHkathlb ( Table 1) was constructed by cloning the katA-containing DNA fragment into pHhlb. Plasmids were introduced into the IP: 54.70.40.11
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Biochemical and growth characteristics. In order to test the biochemical profile of the DkatA, Dhlb and DkatA Dhlb mutants in comparison with those of the wild-type strain, API 32 STAPH and API 50 CH systems (bioMérieux) were used. The API 32 STAPH system is based on 32 miniature biochemical tests and is used for the identification of staphylococci to species level. The API 50 CH system contains 50 biochemical tests for the study of the carbohydrate metabolism of micro-organisms. Growth characteristics were determined by monitoring the OD 600 of BHI cultures of each mutant and wild-type strain at 37 uC with shaking at 175 r.p.m. for 24 h. Optical density measurements were made in a Bio-Rad SmartSpec3000 spectrophotometer with 1.5 ml cuvettes.
Intracellular survival assays. J774A.1, a murine macrophage cell line (ATCC TIB-67), and MAC-T, an established bovine mammary epithelial cell line (Huynh et al., 1991) , were used for experiments. J774A.1 cells were grown in RPMI 1640 supplemented with 10 % heat-inactivated fetal bovine serum (FBS) and 1 % Pen/Strep/ Fungizone mix (Biowhittaker). MAC-T cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10 % heatinactivated FBS, 5 mg insulin ml 21 , 1 mg hydrocortisone ml 21 and 1 % Pen/Strep/Fungizone mix. Prior to each experiment, cells were seeded at 3610 4 cells per well in 24-well tissue-culture plates and grown for 48 h at 37 uC with 5 % CO 2 . Approximately 16 h before the assay, growth medium was replaced with 1 ml invasion medium (growth medium without antibiotics). Prior to infection, medium was removed and cells were given 0.5 ml fresh invasion medium. Wells were inoculated with 5610 5 c.f.u. (J774A.1 assay) or 2.5610 6 c.f.u. (MAC-T assay) of washed bacteria from an overnight culture suspended in 0.5 ml invasion medium. Infected cell monolayers were centrifuged for 5 min at 450 g at room temperature, and incubated for 1 h at 37 uC with 5 % CO 2 . Medium was then removed, cell monolayers were washed twice with sterile PBS, and 1 ml invasion medium that contained 100 mg gentamicin ml 21 to kill extracellular bacteria was added to each well. After incubation of co-cultures at 37 uC with 5 % CO 2 had continued for 1 (internalized bacteria), 4, 8 and 24 h in the presence of gentamicin, the supernatants were removed and discarded. Cell monolayers were then washed twice with sterile PBS and lysed with 0.2 % Triton X-100 in sterile PBS. Cell lysates were serially diluted 10-fold and plated in duplicate on BHI agar plates to quantify viable intracellular bacteria. The number of intracellular bacteria at each time point was expressed as a percentage of the number of internalized bacteria.
LD 50 determination in mice. LD 50 was calculated by employing the method of Reed & Muench (1938) . Groups of five female Swiss mice, 4 weeks old, were inoculated intraperitoneally with 10-fold serial dilutions of bacterial suspension (doses ranged from 1610 6 to 1610 11 c.f.u. ml 21 ) in 0.4 ml sterile PBS. The precise inoculum was confirmed by serial dilution and counting on BHI agar plates. Inoculated mice were monitored for death every 24 h for 7 days.
Competitive index (CI) determination in a murine skin abscess model. CI was measured as described previously (Benton et al., 2004) in an established murine abscess model of infection (Horsburgh et al., 2001) , with the following modifications. Mutant and wild-type strains were separately grown to stationary phase in BHI broth, harvested, washed and resuspended in sterile PBS. Then, each single mutant was mixed with the wild-type strain at a concentration of 4610 8 c.f.u. ml 21 (1 : 1 ratio, 8610 8 c.f.u. ml 21 total), and the double mutant was mixed with the wild-type strain in a 10 : 1 ratio at concentrations of 8610 9 and 8610 8 c.f.u. ml 21 (8.8610 9 c.f.u. ml 21 total), respectively. To determine the exact input ratio, serial dilutions of these mixtures were plated on BHI agar or Columbia agar with 5 % sheep blood, to distinguish between mutant and wild-type strains by the hydrogen peroxide assay or the haemolytic phenotype, respectively. Groups of three female 6-8-week-old BALB/c mice were inoculated subcutaneously on the back with 0.2 ml mutant/wild-type mixtures. After 7 days, mice were euthanized with CO 2 , abscesses were aseptically opened, and the contents were homogenized in 1 ml sterile ice-cold PBS. Output ratios were determined by plating serial dilutions of these homogenates, as described above, to calculate input ratio. The CI for each mutant was calculated as the ratio between the mutant and the wild-type strain in the output (abscess content) divided by the ratio in the input (initial inoculum).
Experimental intramammary infections in ewes. The experimental infection was induced as described previously (Cucarella et al., 2002) . At 20 to 25 days after parturition, a group of six healthy lactating Manchego ewes was inoculated with 5610 2 c.f.u. of the wild-type strain, and three groups of three ewes were inoculated with different doses of the DkatA Dhlb double mutant (1.5610 3 , 1.5610 4 and 1.7610 5 c.f.u.) in 1 ml sterile PBS. Ewes were separated from their lambs 2 h before the inoculation to guarantee the presence of milk (as a natural lubricant) in the teat duct at the time of inoculation. After the teats were disinfected with 70 % ethanol, the bacterial inoculum was introduced into both glands through a 21gauge cannula. Following inoculation, because suckling can favour the removal of the bacteria, lambs were separated from their mothers for 3 h to increase the bacterial colonization of the mammary gland. Milk samples for bacteriological analysis and somatic cell counts (SCCs) were obtained prior to inoculation, once a day for the first week after inoculation, every 2 days and every 3 days in the second and third weeks, respectively, and at 28 days. SCCs were analysed at the Centro de Selecció n y Reproducció n Animal-Instituto Madrileño de Investigació n y Desarrollo Rural, Agrario y Alimentario CENSYRA-IMIDRA Dairy Control Laboratory (Madrid, Spain). For bacteriological analysis, serial dilutions of milk samples were placed on Baird-Parker agar and Columbia agar with 5 % sheep blood. Rectal temperature was regularly recorded from day 2 before inoculation to 10 days post-infection. A detailed clinical examination of the mammary gland was carried out during the same time interval as milk sampling.
Experimental subcutaneous infection in lambs. Groups of two 8-10-week-old Manchego lambs were simultaneously inoculated by the subcutaneous route in the right armpit, just behind the elbow joint, with the wild-type strain, and in the left armpit with the same dose of the DkatA Dhlb double mutant. Doses of 1.5610 5 , 1.1610 7 and 1.2610 8 c.f.u. in 0.2 ml sterile PBS were used. Infected animals were clinically examined for the 3 weeks following inoculation, paying special attention to the local reactions at the inoculation sites and to any inflammation of the lymph nodes that drained the experimental area. When an abscess appeared at the inoculation site, a sample was obtained for bacteriological analysis.
Ethical considerations. All experiments with live animals were performed under the guidelines of the European Community (86/ 609) and were approved by the Ethical Committee for the Animal Experimentation, CEA, of the University Complutense of Madrid.
Statistical analysis. Data were analysed by a two-tailed Student's t test for unpaired data to determine statistically significant differences. Differences were considered statistically significant when P was ,0.05 in all cases. Analyses were made with the help of GraphPad InStat software (version 3.05).
RESULTS
Construction and characterization of S. aureus katA and hlb mutants
In order to determine the potential role of catalase and beta-toxin in S. aureus pathogenesis we obtained single and double mutants by deleting the katA and hlb genes in the bovine clinical isolate S. aureus 2386. Deletion of the katA gene caused a bubble-negative phenotype in contact with hydrogen peroxide (Fig. 1a ). The Dhlb mutation was characterized by a lack of the outer halo of incomplete haemolysis (Fig. 1b) and a negative shovel-shaped cooperative Christie-Atkins-Munch-Petersen (CAMP)like haemolysis in the presence of Rhodococcus equi (Fig.  1c) on sheep blood agar. Compared with the wild-type strain, none of the three mutants showed any difference in biochemical features or utilization of a panel of 50 carbohydrates analysed by API 32 STAPH and API 50 CH, respectively. In addition, deletion of the katA and/or hlb gene had no apparent influence on in vitro growth of S. aureus, since the growth curves of the wild-type and mutant strains were similar (data not shown). Therefore, any differences in the behaviour of the mutants could not be attributed to differences in housekeeping gene activities or growth capability. Finally, to confirm that the deletion of the katA or hlb genes was responsible for the observed phenotypes, a genetic complementation study was performed. As expected, complementation of the mutants with plasmids that carried the katA and/or hlb genes restored the wild-type phenotype (data not shown).
Intracellular survival of the DkatA, Dhlb and DkatA Dhlb mutants
To investigate whether catalase and beta-toxin are involved in intracellular survival of S. aureus, we examined the ability of the mutants, complemented mutants and wild-type strain to survive inside two different cell types. We specifically used the murine macrophage-like cell line J774A.1 and the bovine mammary epithelial cell line MAC-T.
(i) J774A.1 assay. These cells retain the ability to display a respiratory burst and are quite permissive towards a variety of intracellular pathogens (Day et al., 2000; Seral et al., 2003) . Intracellular viability of the mutants and the wildtype strain in J774A.1 cells was determined over a period of 24 h. All strains exhibited a decrease in the number of viable bacteria after phagocytosis ( Fig. 2a ). Intracellular survival of the DkatA and Dhlb mutants was not substantially different to that of the wild-type strain. However, the DkatA Dhlb mutant showed significantly higher survival rates than the wild-type strain and the single mutants (P,0.01 at 4 and 8 h; P,0.05 at 24 h). All complemented mutants had a behaviour similar to that of the wild-type strain ( Fig. 2a ).
(ii) MAC-T assay. MAC-T cells have been used in numerous studies to characterize the ability of S. aureus Role of catalase and b-toxin in S. aureus pathogenesis to invade and survive within eukaryotic cells (Bayles et al., 1998; Qazi et al., 2001; Wesson et al., 1998) . Wild-type S. aureus 2386 was internalized by and proliferated inside MAC-T cells (Fig. 2b) . Thus, the number of viable intracellular bacteria at 4 h was~1.7-fold higher than the number of internalized bacteria. After this initial increase in titre, the viability of the wild-type strain gradually declined, and reached about 7.3 % of that of the internalized bacteria at 24 h. Unlike the wild-type strain, the DkatA mutant did not exhibit an early increase in the number of viable bacteria, and viability diminished after internalization (Fig. 2b) . However, despite this apparent lack of intracellular multiplication, the survival rates of the DkatA mutant at 8 and 24 h were similar to those of the wild-type strain. With respect to the Dhlb mutant, it initially had similar kinetics to those of the wild-type strain (Fig. 2b) . The Dhlb mutant grew intracellularly during the first 4 h, and then progressively declined, but it showed a significantly higher intracellular survival at 8 and 24 h (P50.0043 and P50.0206, respectively) than the wild-type strain. Finally, the DkatA Dhlb mutant also proliferated intracellularly, but its growth was delayed in comparison with that of the wild-type strain (Fig. 2b) . Thus, the number of intracellular bacteria increased almost twofold within the first 8 h. Together with the delayed intracellular proliferation, the double mutant showed a significantly greater persistence level in MAC-T cells compared with the wild-type strain (P50.0001 at 8 h; P50.0207 at 24 h). In all cases, complementation with plasmids that carried the deleted gene(s) returned to the mutants the characteristics observed in the wild-type strain (Fig. 2b) .
Virulence of the mutants in murine models.
(i) LD 50 determinations. To analyse whether katA or hlb has a role in the virulence of S. aureus, LD 50 assays in mice were performed. Mice were infected intraperitoneally. As shown in Table 2 , the mean LD 50 for the DkatA mutant was lower than that of the wild-type, but this difference was not statistically significant. Likewise, no significant differences in virulence were observed between the Dhlb mutant and the wild-type strain in this model. In contrast, the double DkatA Dhlb mutant was five times less virulent than the wild-type strain in this model and the differences observed were statistically significant (P50.0199). We also observed a statistically significant reduction in the virulence of the double mutant by comparison with both the DkatA (P50.0074) and the Dhlb (P50.0374) mutants. Furthermore, complementation restored the virulence of the double mutant (Table 2) .
(ii) CI determination in a murine skin abscess model. CI is a sensitive measure of the relative degree of virulence attenuation of a particular mutant in mixed infections with the wild-type strain (Benton et al., 2004) . To provide more data about the virulence of the mutants, CI was determined in vivo, using an established mouse subcutaneous model of infection (Horsburgh et al., 2001) . As with the results of the LD 50 assay, the DkatA and Dhlb mutants were not attenuated in this model (Table 3) . Only the DkatA Dhlb mutant was out-competed by the wild-type strain, consistent with significant attenuation of the mutant compared with the wild-type strain (Table 3) . Furthermore, since CI values lower than 0.4 are considered to represent defects in virulence (Ramos-Morales et al., 2003) , the double mutant was severely attenuated in this model (CI50.036).
Virulence of the DkatA Dhlb mutant in ovine models
In order to further characterize the virulence potential of the DkatA Dhlb mutant, we induced intramammary and subcutaneous infections in ewes and lambs.
(i) Experimental intramammary infections in ewes. The wild-type S. aureus 2386 strain was highly virulent in this model. Five out of the six ewes inoculated with 500 c.f.u. developed clinical mastitis with different degrees of severity (Table 4) . Thus, two ewes developed a gangrenous mastitis in both mammary glands and they were euthanized at 48-72 h post-infection. In another two ewes, the wild-type strain caused severe mastitis in one mammary gland and mild mastitis in the other. One ewe developed mild mastitis in one gland, whereas in the other, mastitis was subclinical, and in the remaining ewe the experimental infection was subclinical in both glands (Table 4) .
The clinical signs observed had a direct correlation with infection severity. In ewes with clinical mastitis, mammary glands were swollen, hard and painful, and even cyanotic in cases of gangrenous mastitis. Moreover, these glands produced abnormal milk, with clots and even blood in the most serious cases. Ewes also exhibited an increase in rectal temperature and a decrease in appetite. Elevated rectal temperatures were detected at 24 and 48 h postinfection, and reached a maximum at 24 h (Fig. 3a) .
Bacteria were isolated from all the inoculated mammary glands from day 1 post-infection until the end of the experimental period (Fig. 3b) . The number of bacteria in milk was in general greater in the mammary glands with clinical mastitis. Mean values were very high (~10 8 c.f.u. ml 21 ) and relatively constant over the 28 days of the experiment. Furthermore, the SCCs increased significantly in response to infection with the wild-type strain and remained elevated until the end of the experiment (Fig. 3c ).
Unlike the wild-type strain, the DkatA Dhlb mutant did not cause any clinical mastitis in the inoculated udders, not even with the highest dose used, almost 350 times greater than that of the wild-type strain (Table 4) . Moreover, there were no apparent differences in the responses of the animals to the different doses of mutant used. Apart from slight swelling at 24 h post-infection in eight out of the 18 mammary glands inoculated, and a very slight increase in rectal temperature, no other clinical alterations were observed. The highest temperature (39.8±0.20 u C) was detected at 48 h post-infection (Fig. 3a) . and it was significantly lower than that reached (40.82±0.34 u C) at 24 h post-infection in the ewes infected with the wild-type strain (P50.0173).
Like the wild-type strain, the DkatA Dhlb mutant infected all the inoculated mammary glands and it was shed in milk throughout the experiment (Fig. 3b ). However, overall bacterial counts in milk were significantly lower than those found with the wild-type strain (P,0.05). SCCs also increased greatly after infection with the double mutant and remained high over the entire period of the experiment (Fig. 3c ). SCCs were generally lower than those reached in the mammary glands infected with the wild-type strain; however, the differences were not statistically significant.
(ii) Experimental subcutaneous infection in lambs. Three groups of two lambs were used for the assay. Animals were simultaneously inoculated in the right armpit with the wild-type strain, and in the left one with the same dose of the DkatA Dhlb mutant (Table 5 ). Lambs infected with the lowest dose (1.5610 5 c.f.u.) did not show clinical alterations at the inoculation sites or in the regional lymph nodes. The lambs inoculated with 1.1610 7 and 1.2610 8 c.f.u. of both strains showed a similar response to the experimental infections. Thus, no local alterations were detected at the left inoculation site or in the left superficial cervical lymph node in these lambs (Table 5 ).
In contrast, the wild-type strain caused a clear local inflammatory response at 24-48 h post-infection, which led to abscess development in all lambs. Abscesses reached a diameter of~2 cm at 4-6 days post-infection, then gradually regressed, and were practically resolved at 20 days post-infection. Moreover, the wild-type strain also caused enlargement of the right superficial cervical lymph node in these animals. *CI is the ratio between the mutant and the WT S. aureus in the output (bacteria recovered from abscess content homogenates, 7 days after infection) divided by their ratio in the input (initial inoculum). Data represent the mean±SEM obtained from a minimum of five mice from three independent experiments.
DMutants are considered to be attenuated when CI ,0.4 (Ramos -Morales et al., 2003) . dInoculum ratio was increased because the 1 : 1 ratio did not allow recovery of mutant bacteria from the lesion. 
DISCUSSION
The purpose of this study was to investigate the potential role of catalase and beta-toxin in the intracellular survival, and consequently virulence, of S. aureus. With this aim, single and double mutants of katA and hlb genes were created by gene deletion.
S. aureus is not generally considered to be a major intracellular pathogen. However, it is well documented that S. aureus adheres to, easily invades and survives within non-professional (Bayles et al., 1998; Menzies & Kourteva, 1998; Wesson et al., 1998) and professional phagocytes (Brouillette et al., 2003; Hébert et al., 2000) . Factors influencing the internalization of S. aureus have frequently been investigated (Alexander & Hudson, 2001 ), but little is known about those that are necessary for its intracellular survival.
Phagocytosis by polymorphonuclear neutrophils (PMNs) and macrophages is considered to be the first and main defence mechanism of the host against S. aureus invasion. Bactericidal mechanisms of phagocytic cells include the production of ROS, such as superoxide anion, hydrogen peroxide and hydroxyl radicals (Cabiscol et al., 2000) . However, the generation of ROS is not an exclusive prerogative of professional phagocytes, and it has also been described in non-phagocytic cells (Meier, 2001) . Therefore, enzymes implicated in oxidative stress resistance could play an important role in the survival of S. aureus inside both phagocytic and non-phagocytic cells. However, in our experiments, catalase did not contribute to the survival of S. aureus within J774A.1 macrophages. This indicates either that the production of ROS by these cells, which retain the ability to display a respiratory burst, is not involved in the killing of S. aureus or that the DkatA mutant compensates for the lack of catalase activity by the expression of other oxidative stress-resistance factors such as alkyl hydroperoxide reductase, which has been demonstrated to have compensatory roles with catalase in cellular physiology (Cosgrove et al., 2007) . Catalase also did not significantly participate in the long-term survival of S. aureus in MAC-T cells, although it was required for the intracellular proliferation of the bacterium during the initial hours after cell invasion. This finding reveals differences between J774A.1 and MAC-T cells in the bactericidal mechanisms against S. aureus, at least in the early stage of intracellular infection.
Current knowledge of the role of bacterial sphingomyelinases in intracellular pathogenesis remains limited. In Listeria ivanovii, a sphingomyelinase similar to beta-toxin, SmcL, seems to promote intracellular proliferation of bacteria in bovine epithelial cells by mediating disruption of the phagocytic vacuole and the release of bacteria into the cytosol (González-Zorn et al., 1999) . Earlier work has demonstrated that intracellular S. aureus escapes from endosomes and then multiplies within the cytoplasm in MAC-T cells (Bayles et al., 1998; Qazi et al., 2001; Shompole et al., 2003) . Moreover, staphylococcal haemolysins are involved in endosome rupture and subsequent intracellular replication of S. aureus (Shompole et al., 2003) . In our study, the lack of beta-toxin did not modify the proliferation of S. aureus in MAC-T cells during the first 4 h post-infection. Therefore, it is possible that the remaining haemolysins were sufficient to allow the release of S. aureus from the endosome in these cells. Nevertheless, the absence of beta-toxin, which had no effect on intracellular survival of S. aureus in murine J774A.1 macrophages, caused an increase in bacterial persistence in bovine MAC-T epithelial cells at 8 and 24 h postinfection. This divergence might have been caused by differences in the sphingomyelin content of these cells. Thus, a correlation has been observed between membrane sphingomyelin content and the susceptibility of erythrocytes to beta-toxin; therefore, only erythrocytes from ruminants, which have the highest content of all mammals, are highly susceptible (Titball, 1993) . The increased persistence of the Dhlb mutant in MAC-T cells in comparison with the wild-type strain could have been a result of lower cytolytic activity, which protected the mutant from the gentamicin present in the extracellular medium. Our results are in agreement with previous studies in which a lack of alpha-toxin (Vann & Proctor, 1988) or a decreased production of haemolysins (von Eiff et al., 1997; Wesson et al., 1998) in S. aureus were associated with an increase in its intracellular survival.
Interestingly, the behaviour of the DkatA Dhlb mutant in the intracellular survival assays was quite different from that of the single mutants. Thus, the simultaneous lack of catalase and beta-toxin caused a notable increase in the survival of S. aureus within J774A.1 macrophages at all the three time points examined, and within MAC-T cells at 8 and 24 h post-infection. Moreover, in MAC-T cells, a delay in the proliferation of the double mutant in comparison with the wild-type strain and the Dhlb mutant was observed. The increased survival of the double mutant could initially be attributed to a higher resistance to the bactericidal activity of the cells, and this would imply increased virulence of the double mutant. However, this interpretation, which could be considered when the intracellular assays are analysed in isolation, clearly contrasts with the results obtained in all the experimental infection models used, which undoubtedly showed that the combined mutation leads to a dramatic reduction in virulence. Therefore, the in vitro increased intracellular persistence of the double mutant could be a consequence of the diminished cytotoxicity of the bacterium, which would have delayed death of the infected cells. The mechanism by which catalase and beta-toxin synergistically contribute to intracellular pathogenesis of S. aureus in J774A.1 and MAC-T cells is not evident. Further studies on the possible interaction between these two proteins during the intracellular infection of S. aureus are needed to determine this mechanism and to establish how the increased intracellular persistence is connected with the attenuation in animal models. Nevertheless, the results of the experimental infections allow us to hypothesize that in vivo the simultaneous lack of catalase and beta-toxin results in a limited capacity of the mutant to proliferate and spread.
The changes observed in the intracellular behaviour of the mutants may have altered their virulence; therefore, we decided to use two different murine models to investigate this question. Systemic and abscess models allowed us to establish the ability of a bacterium to survive in two distinct host environments. The systemic model involves the adaptation of bacteria to the host environment, survival of the host immune response, dissemination and colonization, and persistence within organs. The abscess model, in contrast, does not require dissemination to organs. Furthermore, during abscess formation, bacterial growth is reduced by influx of neutrophils, as well as oxygen and nutrient limitation.
Catalase has traditionally been implicated as a virulence determinant in S. aureus (Kanafani & Martin, 1985; Mandell, 1975) . However, recent studies with S. aureus katA mutants have revealed no differences in virulence from the corresponding wild-type strains in murine models of infection (Cosgrove et al., 2007; Horsburgh et al., 2001) .
The results of this study supply further experimental evidence that catalase is not required for complete virulence of S. aureus, at least not in the murine models used.
The role of beta-toxin in staphylococcal infections is not clear, since divergent results have been reported in various 
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Normal No *Groups of two 8-10-week-old Manchego lambs were simultaneously inoculated by the subcutaneous route in the right armpit with the WT S. aureus and in the left armpit with the same dose of the DkatA Dhlb mutant. DAnimals were clinically examined for 3 weeks. Clinical responses were similar in both lambs of each group.
Role of catalase and b-toxin in S. aureus pathogenesis experimental models with beta-toxin mutants (Bramley et al., 1989; Nilsson et al., 1999; O'Callaghan et al., 1997) . In our study, the virulence of the Dhlb mutant was not significantly different from that of the wild-type strain in the two murine models, which agrees with the results of the intracellular survival experiment with the murine cell line J774A.1, which also showed no differences. The finding that beta-toxin does not seem to have any effect on the pathogenesis of S. aureus for mice does not allow us to rule out the possibility that this toxin plays an important role in intramammary infections caused by S. aureus, especially in ruminants. Beta-toxin is consistently produced by S. aureus strains isolated from bovine mastitis; therefore, it has been suggested that it is an active virulence factor in the pathogenesis of bovine S. aureus mastitis (Larsen et al., 2002) . This hypothesis is supported by the fact discussed above that the lack of beta-toxin caused increased persistence of S. aureus in bovine MAC-T cells, possibly due to lower cytolytic activity and a potential relationship with the high membrane content of sphingomyelin in ruminant cells.
Although catalase and beta-toxin per se did not significantly contribute to the virulence of S. aureus, the DkatA Dhlb mutant was clearly attenuated in the two murine models of infection. The in vivo results therefore do not support the view that a longer intracellular persistence in vitro, even in macrophage-like cells, gives rise to increased virulence. On the contrary, the results of the experimental infections clearly indicate that in vivo the double mutant is more susceptible to the host defence mechanisms than the wild-type and single mutants, and correlate well with the interpretation that the double mutant has a notably diminished virulence for cells. They also demonstrate the multifactorial nature of the pathogenesis of S. aureus, and hence the necessity to establish how potential virulence factors interact in causing disease.
The results of the experimental infection in mice with the DkatA Dhlb mutant led us to further investigate the virulence of the double mutant in two different ovine models of infection. Marked attenuation in the virulence of the DkatA Dhlb mutant was observed in experimental intramammary infection in ewes, based on clinical manifestations. In this model, the wild-type strain was extremely virulent, since 500 c.f.u. caused very severe mastitis in most animals, whereas the double mutant was not able to cause clinical mastitis in the infected ewes, not even in those inoculated with 1.7610 5 c.f.u. The double mutant, however, caused subclinical mastitis in all the infected udders, as demonstrated by shedding of bacteria in milk and increased SCCs, which means that the DkatA Dhlb mutant still retained the capacity to invade, colonize and grow in the mammary gland. The attenuation of the double mutant seen in the model of subcutaneous infection in lambs was even more evident. Indeed, the two higher doses of the mutant did not produce any local alteration at the inoculation site, while the corresponding dose of the wildtype caused local inflammation that led to the development of abscesses in all cases.
S. aureus is the most common cause of intramammary infections in ruminants, which result in important economic losses for the dairy industry (Sutra & Poutrel, 1994) . The use as live vaccines of attenuated bacteria, such as the DkatA Dhlb mutant, might be a good strategy to prevent S. aureus mastitis.
